Simian virus 40 (SV40) nucleoprotein complexes were prepared from lytically infected cells and used as primer-templates for DNA replication in protein extracts from Xenopus eggs. We found that nucleoprotein containing replicating SV40 DNA served as primer-template while nucleoprotein with nonreplicating SV40 DNA was ineffective.
INTRODUCTION
When microinjected into unfertilized eggs from Xenopus laevis, papova virus DNA is an effective template for semiconservative DNA replication ( 1, 2, 3, 4) . Thus, activated eggs appear to contain all of the factors required for DNA replication. It is also obvious that these factors recognize and use heterologous DNA as primer-template for replication. Furthermore, Harland and Laskey (4) demonstrated that only one round of viral DNA replication occurs in the microinjected egg during a time period equivalent to one embryonic cell cycle, suggesting that normal regulatory events are also effective on injected heterologous DNA.
In their pioneering work, Benbow and Ford (5) were able to stimulate DNA replication in nuclei from non-dividing Xenopus cells by soluble protein extracts from frog eggs and from early embryonal cells. Later, Benbow, Krauss and Reeder (6) observed a partial replication of bacterial plasmid DNA, containing a cloned piece of Xenopus DNA, in semipurified protein fractions from frog eggs. Benbow et al. (7) subsequently fractionated a crude extract from frog eggs into various factors thought to be involved in replication. They found that fractions enriched in certain enzymes, such as DNA polymerase, RNase H and RNA polymerase II, initiated DNA synthesis on small circular DNA molecules while other fractions containing DNA ligase and a single strand-specific DNA-binding protein were required for chain elongation. In these experiments the evidence for replication was the electronmicroscopic visualization of replicative intermediates.
For a further exploration of this in vitro system it would be useful to know whether the intermediate steps in DNA chain elongation are comparable to those observed _in vivo, i.e. in lytically infected monkey cells, the natural host for SV40. (The molecular structure of these replicative intermediates has been well characterized before, see for example, the original work in ref. 8 and 9 , and the reviews in: Tooze, ref.nr. 10). We wanted to know whether SV40 DNA replication in Xenopus egg extracts is discontinous and proceeds bidirectionally from its normal origin of replication.
In the present study we used SV40 chromatin, prepared from SV40 infected monkey cells, rather than free viral DNA as primer-template for in vitro replication to make sure that replicating DNA remains in its native conformation, and to exclude the possibility that nucleoprotein complexes which are formed upon addition of viral DNA to frog egg extracts (11) interfere with replication.
We would like to add that replicative chain elongation of SV40 nucleoprotein complexes has been studied quite extensively before in iji vitro systems prepared from mammalian cells (12, 13, 14, 15) . It could be shown that protein extracts from mammalian cells contain functions which complete rounds of SV40 DNA replication that had been initiated Ijn vivo.
The work described in this paper extends these experiments t o a non-mammalian system.
METHODS
Preparation of egg extracts. Protein extracts from Xenopus laevis eggs were prepared according to published procedures (6) with some modifications. The animals received two injections of 300-500 units human chorionicgonadotropin 16 and 8 h before the eggs were collected. The eggs were washed several times in an isotonic saline solution (16) and dejellied in 2% cysteine (pH 8). The eggs were then rinsed with water. Before homogenization, the water was carefully removed by blotting. Homogenization was performed in a Dounce homogenizer. The homogenate was then adjusted to 20mM Hepes (pH 7.8), 5mM MgCl 2 , 100mM potassium acetate and 1mM dithioerythritol (Hepes buffer) and centrifuged successively at 9000 x g and at 15000 x g to remove debris and lipids. The clear extract was then centrifuged at 100000 x g. The supernatant, containing 10-30 mg/ml protein, was dialysed overnight against Hepes buffer. In some experiments, the protein extracts were precipitated by ammonium sulfate (60% saturation), resuspended and dialysed against Hepes buffer.
All preparation steps were carried out at 0-4 C. Preparation of SV40 nucleoprotein complexes. Viral nucleoprotein complexes were prepared from SV40-infected CV-1 and CV-1P cells as described before (12, 17) .
Infected cells were pulse-labeled for 7.5 min with ( H) thymidine (50uCi/ml) 48 h after infection. Nuclei were prepared and kept on ice in a low ionic strength buffer to elute viral nucleoprotein. Viral chromatin was then centrifuged through sucrose gradients to separate replicating from nonreplicating nucleoprotein (17) (see below: Fig. 1 ) .
DNA Synthese Ln vitro. The optimal conditions for iri vitro DNA synthesis were essentially as described before (18) . Briefly, 0.08 ml of the viral nucleoprotein preparation (about 0.1 tig DNA) were mixed on ice with 0.08 ml frog egg extract (or an appropriate dilution of the extract in Hepes buffer, see below). To this mixture were added 0.04 ml of a solution, containing enough of the following components to give final The viral nucleoprotein was prepared and sedimented through a linear sucrose gradient (30%-5%) , buffered with 20mM Hepes, pH 7.8,0.5mM MgCl-, 0.5mM DTT and 5mM KC1. Centrifugation was performed for 45 min at 0 C and 49 000 rpm in the Beckman SW501 rotor. 1 4 (B) An experiment was performed as in (A) except that the ( C ) -thymidine label was omitted. After centrifugation, an aliquot from gach fraction was mixed with Xenopus extract and incubated at 30 C with deoxynucleoside triphosphates, including (a P) dTTP for 10 min (•) and for 60 min ( A >• In a control experiment (o) Hepes buffer (see: Methods) was added to the aliquots instead of Xenopus extract. The samples were then incubated for 60 min with radioactive deoxynucleoside triphosphates as above. We show the acid precipitable ( P) radioactivity. The _in vivo ( H) pulse label is not shown in (B). Its distribution in the sucrose gradient was very similar to the (
concentrations of 150mM sodium acetate, 40mM Hepes (pH 7.8), 5mM MgCl-, 1mM dithiothreitol, 2mM ATP, 0.2mM each of UTP, CTP and GTP, 0.1mM each of dATP, dGTP, dCTP and 0.01mM (a""p) dTTP (spec, radioactivity: 1000-4000 cpm/pmole). In some experiments, an ATP regenerating system (phosphoenolpyruvate and pyruvate kinase) was also included in the reaction mixture.
Incubations were performed at 20 C or at 30 C with comparable results. The incorporated radioactivity was determined in acid precipitates.
Other techniques. Analytical neutral sucrose gradients (7.5.
-25%) were made up in 1 M NaCl, 50mM Tris-HCl (pH 7 . 5 ) , 5mM EDTA, 0.1% Sarkosyl. Alkaline sucrose gradients (7.5.-25%) contained 0.3 M NaOH and 10 ug/ml sheared calf thymus DNA.
Centrifugation conditions are reported in the figure legends.
Agarose gel electrophoresis was performed in 1.7% agarose gels with 90mM Tris-acetate and 5mM EDTA (19) .
Chromatography on benzoylated, naphthoylated DEAE cellulose (BND-cellulose, Serva, Heidelberg) was performed as described before (20) . Aliquots from each fraction of such a gradient (Fig. 1B) were added to Xenopus egg extracts and incubated with radioactive deoxyribonucleoside triphosphates as described under Methods. 32 A significant incorporation of ( P)-labeled dTTP occurred in gradient fractions containing replicative intermediates of SV40 chromatin.
RESULTS

Conditions for replication of viral nucleoprotein complexes in extracts from
Due to the presence of DNA polymerase a and possibly other replicative functions in tnese structures (12, 14, 17, 23) , some DNA synthesis was also found in the absence of Xenopus extracts but the addition of these extracts increased the extent of nucleotide polymerization four to six-fold (Fig.2 ). We also found that the DNA synthesis in the absence of Xenopus extracts produced only small DNA fragments which were not joined to unit length DNA strands (data not shown; see: 13,15).
We have also used, as primer-template, replicative intermediate DNA (8, 9) Table 1 .
Effect of DNA polymerase inhibitors on DNA synthesis in Xenopus egg extracts. DNA polymerase a, partially purified from Xenopus extracts, according to Otto et al. (27) , was assayed with "activated" calf thymus DNA as described (18) . DNA synthesis in Xenopus egg extracts was assayed as described in Methods using replicating SV40 nucleoprotein complexes ( Fig.  1) as template.
did not affect the amount of incorporated radioactivity (Table  1) . It is known that DNA polymerase & and y are completely inhibited at this ddTTP/dTTP ratio (26).
We have also tested the ATP requirement of the iji vitro system and found that omission of ATP (and other ribonucleoside triphosphates) from the standard incubation mixture reduced the incorporated radioactivity to only 80 percent of that in the control. When the extracts were first passed through a Sephadex G 25 column, however, and then used for _in vitro SV40 chromatin replication, less than 30 percent of the control activity was found in the absence of ATP (data not shown).
Intermediates in in vitro DNA replication. Replicating pulse-labeled viral nucleoprotein was prepared from nuclei of infected cells by sucrose gradient centrifugation as in Fig.1 . The fractions containing the faster sedimenting replication structures (fractions 3-7 of a gradient like the one shown in Fig.  1 ) were combined and used as substrates for DNA replication in Xenopus extracts. Samples were removed from the incubation mixture, treated with 1.5 M salt to dissociate proteins from DNA and centrifuged through neutral sucrose gradients as described in Methods. The result of such an experiment is shown in Fig.3 . After short incubation periods incorporation of ( P) radioactivity was observed in replicative DNA-intermediates, which sediment at 25S, relative to the 21S supercoiled DV40 DNA marker (8) . With increasing incubation times, an increasing fraction of the ( There was also a shoulder of DNA which cosedimented with 21S supercoiled SV40-DNA (Fig. 3d) .
Replicating DNA of the type shown in Fig.3 was also investigated by alkaline sucrose gradient centrifugation. After Incubation of ( H) pulse-labeled SV40 nucleoprotein with Xenopus egg proteins was performed as described in Methods, except that the final reaction volume was 0.4 ml. After incubation, NaCl was added to the reaction mixtures to a final concentration of 1.5 M. The DNA was then sedimented through neutral sucrose gradients in the Beckman SW40 rotor at 5°C and 32 000 rpm short periods of incubation, about half of the ( P) radioactivity sedimented at approximately 5S as expected for Okazaki pieces (Fig. 4a) . The other half of the incorporated radioactivity had higher sedimentation rates, between 10S and 16S. After longer incubation times, a prominent peak of 5S DNA was not detectable. Most ( P) DNA sedimented instead like the unit length "parental" DNA (Fig. 4b) .
Pulse-chase experiments showed that the 5S DNA fragments were precursors of the longer DNA strands (data not shown) as expected for discontinuous DNA replication.
In sucrose gradients of the type shown in Fig.4 (Fig. 1) were incubated under standard conditions in Xenopus egg extracts with ( P) deoxynucleoside triphosphates (o) for 2.5 min (A) and for 30 min (B). The DNA was first sedimented through a neutral sucrose gradient (Fig. 3 ) . Fractions containing radioactively labeled DNA were combined, concentrated by ethanol precipitation and denatured in alkali. The samples were then centrifuged through alkaline sucrose gradients at 5 C and 35 000 rpm for 20 hours in the Beckman SW40 rotor. SV40 DNA molecules are not detected because they form compact random coils which sediment with more than 50S and accumulate on the bottom of the centrifuge tube. When the centrifugation time and speed were reduced usually about 10 percent of all incorporated ( P) radioactivity was in 50-55S DNA structures 32 after 30 min incubation time. The fraction of supercoiled ( P) DNA molecules varied, however, in different experiments depending on the "quality" (28) of the egg extracts. In some experiments, up to 40% of all iji vitro synthesized DNA sedimented like supercoiled DNA.
The question arises whetner the 16-18S _in vitro replication products (Fig. 3) are completely double stranded DNA structures or whether they still contain unreplicated regions as gaps. This was investigated by chromatography on benzoylated, naphthoylated DEAE (BND) cellulose. Nucleic acids can be fractionated according to their secondary structure on BND cellulose: double stranded DNA binds less tightly than DNA molecules containing single stranded regions. Double stranded DNA elutes from BND cellulose columns with 0.65 M NaCl while caffeine in 1 M salt is required to remove single stranded or partially single stranded DNA (29) .
We found (Fig. 5A ) that replicative intermediate SV40 DNA, sed as primer-template in our experiments, was eluted from BND cellulose only by caffeine, as expected for replicating DNA molecules. After iji vitro incubation in Xenopus extracts, however, about 70% of the ( H) labeled parental DNA, as well as 70% of the in vitro synthesized ( 32 P) DNA could be eluted with 0.65 M NaCl (Fig. 5B) . The remaining DNA appeared in the catteine eluate and therefore contained single stranded regions.
We conclude from the experiments, described so far, that in vivo initiated SV40 chromatin replication continued in extracts from Xenopus eggs. We expected therefore that most ( P) radioactivity should be incorporated in DNA sequences distal to the SV40 origin of replication. We investigated this question using the restriction endonuclease Hind II to cut SV40 DNA replicated in vitro. The resulting fragments were separated on agarose gels. The gel was cut into 1 mm slices which were solubilized in (Fig. 3a) and diluted to give a final NaCl concentration of 0.35 M NaCl. The DNA was then layered onto a 1 ml BND-cellulose column (washed and equilibrated with 0.35 M NaCl in 50mM Tris-HCl and 5mM EDTA, pH 7 . 5 ) . The column was then developed as indicated in the graph by the vertical dashed lines. Fractions of 0.5 ml-volumes were collected and the radioactivity was determined in acid precipitates.
-(B) Replicating ( H) SV40 nucleoprotein complexes («) were incubated for 30 min in Xenopus extracts with ( P) nucleotides ( o ) , deproteinized, isolated from high salt sucrose gradients and, after dilution, applied to a 1 ml BND-cellulose column. The arrows indicate the change from 0.35 M to 0.65 M NaCl and then to 1% caffeine in 1 M NaCl in the elution buffer. The radioactive DNA in 0.5 ml-fractions was determined in acid precipitates.
HC1 and counted in Aquasol (New England Nuclear) (19) . The five major Hind II fragments (10) were recovered as single peaks.
plotted as shown in Fig. 6 .
Relatively small amounts of C " P ) radioactivity were incorporated in fragments proximal to the origin compared to those distal to the origin. chemical characterization of the replication potential of Xenopus eggs. We found that replicative DNA intermediates in SV40 chrcmatin are converted to mature DNA molecules by factors present in egg extracts. The chain elongation observed in this in vitro system xs discontinuous (Fig. 4) and completes rounds of replication that had been initiated jLn vitro (Fig. 6 ) . While in vitro chain elongation seems to be quite efficient it appears that the single stranded gap which occurs at the end of the SV40 replication cycle (30) In spite of this we think that extracts from Xenopus eggs will be suitable to study the biochemistry of DNA chain elongation.
As pointed out in the Introduction, similar investigations with comparable results have been performed by others with protein extracts from mammalian cells (13, 15) . We have compared the replication potential of frog egg extracts with that of mammalian cell extracts, prepared exactly as described in the literature as well as with numerous modifications, and found (unpublished) that the Xenopus system was clearly more efficient in in vitro replication than mammalian cell extracts. More importantly, Xenopus extracts are usually free of active deoxyribonucleases which quite frequently cause artifacts and unreproducible results in replication studies with mammalian cell extracts. In fact, SV40 DNA remains intact in Xenopus extracts for several hours at 37°C in the buffer used for deoxynucleotide incorporation. We also find that it is cheaper and more convenient to prepare large quantities of cell extracts from Xenopus eggs than from mammalian cell cultures.
We point out that, in the experiments reported here, we used viral nucleoprotein for _in vitro DNA replication. It could be argued that the mammalian DNA polymerase a and other proteins which are associated with SV40 chromatin (23) , are responsible for the polymerization reaction observed. However, in the absence of Xenopus extracts, the replication reaction continued for only a short time and produced small DNA fragments. Moreover, replicative intermediate DNA prepared from Hirt supernatants of pulse-labeled SV40 infected monkey cells and purified by phenol-chloroform extraction was also an efficient primer-template in the Xenopus system (M.Schwentorat, B.O. and R.K., unpublished).
Another and possibly more important question concerns the lack of initiation of DNA replication in the in vitro system. Initiation of replication clearly takes place on SV40 DNA, microinjected into frog eggs (4). Moreover, electronmicroscopic evidence showed an initiation of replication on free DNA in Xenopus extracts (6) . We cannot exclude the possibility that initiation factors are inactive or absent in extracts from unfertilized eggs. But it is also possible that potential replication start points on the viral nucleoprotein complexes are covered by chromatin proteins and not accessible for initiation factors. These replication start points must not necessarily be identical with the normal viral origin of replication (4). We note that most SV40 nucleoprotein complexes which are extracted from monkey cell nuclei are probably intermediates in virus assembly (31, 32) and may therefore be ineffective in replication.
We are currently investigating these questions using free viral DNA as template for replication in Xenopus egg extracts.
